Zooplankton distributions during coastal upwelling in western Lake Superior were mapped with a high-frequency (192~kHz) sonar system that consists of an echosounder and a navigation receiver connected to a microcomputer. An acoustic transect after a September storm revealed a sloping sound-scattering layer, traceable more than 5 km offshore, in the thermocline between an upwelling water mass and a returning front of surface water. Interfacial shear produced short internal waves on the scattering layer, and regularly spaced plumes of high backscattering in the surface layer were attributed to stream lines of eddies that were transporting sound scatterers from aggregations in the thermocline to the lake surface. The sloping sound-scattering layer was due to high concentrations (up to lo5 ind. m-3) of copepods, chiefly Leptodiuptomus sicilis. Backscattered sound (volume-scattering strength) was highly correlated with concentrations of microcrustacea in samples collected with nets, consistent with Rayleigh scattering theory for ideal elastic spheres the size of adult L. sicilis (target strength = -123 dB).
Spatial distribution influences virtually every aspect of the ecology of populations. In the zooplankton, spatial heterogeneity is thought to influence predation and mortality rates, reproduction, feeding, and species diversity (Cryer and Townsend 1988; Priddle et al. 1990; Saiz et al. 1993) . A demographic process such as mortality, for example, is likely to be very different qualitatively and quantitively in a dense aggregation than it is where population density is very low. Our understanding of zooplankton populations has been impeded because zooplankton are known to be extremely patchy, and the patterns of distribution have been difficult to discern with conventional sampling methodology. Patchy zooplankton distributions have been found wherever people looked for them (Whiteside 1974; Malone and McQueen 1983), and Downing (1991) concluded that zooplankton, although transported passively by water movements, are as spatially aggregated as most other groups of aquatic organisms.
Despite the importance of spatial distribution to the ecology of zooplankton, little is known about the dimensions of zooplankton patches, variations of densities within patches, or the mechanisms that produce and maintain zooplankton aggregations. It has been especially difficult to differentiate the effects of water movements from those of behavior on zooplankton aggregations. The reason is that conventional sampling methods usually cannot provide enough samples to delineate the space occupied by zooplankton aggregations. The presence or absence of aggregations is typically discerned by statistical analyses of samples collected with nets, for instance by comparing the variance among replicate samples with the variance expected in random or uniform distributions (Downing et al. 1987; Pace et al. 1991) , but this only tells us whether plankton aggregate and yields little information about the spatial pattern shown by the population (Dutilleul 1993; Legendre 1993) or the mechanisms that cause aggregation.
The pattern of spatial distribution is the most important clue to the controlling mechanisms. Patterns have been dif-ficult to discern, however, because of the inherent variability of both the biota and the physical environment. The only way to overcome the biological and environmental variability is to use new high-resolution sampling instruments and strategies that can resolve the influence of the physics on the biology (Haury et al. 1992; Greene et al. 1994) . Acoustic sampling methods have been advocated (e.g. Greene et al. 1989, 199 1; Greene and Weibe 1990; Pieper and Holliday 1984) because they provide the requisite large number of samples and fine-scale spatial resolution. An equally important requirement that is often overlooked is that the geographic locations of the sampling points must be recorded precisely and rapidly to delineate the three-dimensional space occupied by plankton aggregations. Sample locations now can be determined with Loran-C navigation receivers or with satellite-based global position (GPS) receivers, which have greater speed and accuracy.
In this study, we used a microcomputer-based sonar and navigation system to map the zooplankton in a physically dynamic part of western Lake Superior. We measured acoustic backscattering along a coastal transect on the north shore of the lake at a time when upwelling was occurring and obtained detailed information about the effects of water movements during upwelling on zooplankton distributions.
Coastal upwelling is an important physical process in Lake Superior and the other Laurentian Great Lakes, but little is known about its effects on zooplankton abundance and spatial distribution. The western and northern shore is a major upwelling region in Lake Superior during summer (Lam 1978) . Upwelling occurs frequently, typically once or twice each month after summer storms (Ragotzke 1974) . Satellite imagry (Mortimer 1988; Bogrien and Brooks 1992) and other data (Mortimer 1975; Csanady 1984; Haffner et al. 1984; Dunstall et al. 1990h) indicate that strong offshore winds during summer storms induce upwelling of deep coastal water in all the Laurentian Great Lakes and that upwelling usually persists 2-6 d after the storms.
Areas of coastal upwelling in oceans are typically very productive, but upwelling of cold deep water apparently does not enhance nearshore productivity in large lakes. Although the western and northern shore of Lake Superior is an upwelling region, zooplankton concentrations are lower than on the south shore, which is a region of downwelling (Watson and Wilson 1978; Patalas and Salki 1993) . In Lake Ontario (Haffner et al. 1984) and Lake Erie (Dunstall et al. 1990a) , the displacement of the surface layer by upwelling deep water changes the composition of near-shore zooplankton assemblages only temporarily, with copepods usually becoming more abundant during upwelling. Coastal upwelling occurs at irregular times and persists for shorter periods in lakes than in the sea. The irregularity may have important practical implications, because it suddenly changes the composition and food supply for juvenile fish and other littoral and benthic organisms not transported passively by water movements during upwelling.
Methods
Zooplankton distribution patterns were recorded with a sonar system that recorded the depths of sound scatterers, geographic coordinates, and the strength of the backscattered sound. The system consisted of a 192~kHz echosounder (Lowrance X-16) and a Loran-C navigation receiver (Apelco DXL 63000) connected to a microcomputer equipped with an analog-digital converter (Data Translation DT-280 1). Spatial variations of zooplankton concentration can be seen instantaneously on the computer monitor, which displays the sound backscattered by acoustic targets as a color echogram (e.g. Fig. 2) .
The echosounder was modified slightly by connecting two wires to the circuit board in order to conduct signals for the start of acoustic pulses (pings) and returning echoes to the analog-digital converter in the computer. In other respects, the hardware consisted of commercially available units that required no modification. The "data out" terminal of the Loran receiver connects to the computer's serial port, and current Loran coordinates were stored with each acoustic record during data collection. The files of acoustic and geographic data were saved on the computer's hard disk during data collection and moved later to large-capacity optical disks in an external disk drive. A 12-V lead-acid storage battery connected to a DC-AC inverter provided 115-V AC electrical power for the computer. The transducer was held -0.5 m beneath the water surface on the end of a steel pipe clamped to the vessel's rail.
The system is controlled by software that uses the sonar equations (Urick 1983) to provide "time-varied gain," which compensates for the loss of signal strength due to beam spreading during sound transmission. The echosounder controls the transducer, and it also is used to select the duration of acoustic pulses and amplifier gain. The computer digitizes the analog signals returning after each acoustic pulse in 2,000 50-ps increments, which correspond to depth bins of 0.04 m (28 samples m-l) at the depth range (70 m) used in this study. The digitized data can be displayed with or without time-varied gain because it is essential to know the values of raw signals for system calibration and other purposes.
When time-varied gain is used, the strength of echoes is computed in terms of volume backscattering strength, s, = 10 log s,,,
where s,, is the volume backscattering coefficient that represents the strength of echoes at a distance of 1 m from an ensonified volume of water. If individual scatterers, such as those in a zooplankton assemblage, are approximately the same size, they have approximately the same backscattering cross section cr,,. The volume-backscattering coefficient then depends on their concentration, N m-', and mean backscattering cross-section ah,,
The concentration of animals therefore can be calculated from s, measured at a single sound frequency if the animals are nearly the same size and their backscattering cross section is known (Greenlaw 1979; Holliday and Pieper 1995) . The body size of zooplankton sound scatterers relative to the sound wavelength is critical for the interpretation of s,,. The planktonic animals in western Lake Superior at the time of this study were typically 1 mm long, smaller than the wavelength (A = 7.5 mm) of 192 kHz sound. They are Rayleigh scatterers of sound at this frequency because the product of wave number k (=2n/h) and body size, expressed as an equivalent spherical radius (a), is small, i.e. ka << 1. The mean equivalent radius was about one-fourth the body length. Backscattering by Rayleigh scatterers is proportional to @a6 (Clay and Medwin 1977; Stanton 1990 ).
The volume-backscattering coefficient is computed from the squared voltage response of the analog-digital converter, p*, to sound backscattered from a reverberating volume V at a distance r,
P* is the squared voltage of an acoustic pulse leaving the transducer. The reverberating volume at any one instant depends on the speed of sound c, the pulse duration r, the equivalent beam width $, and distance:
Equations 3 and 4 are combined to obtain (4)
Hence, the digitized echosounder signal is squared, multiplied by the squared distance to the ensonified volume, and divided by the expression in brackets, which is a constant for the combination of echosounder gain, transducer, sound speed, and pulse duration in use. The appropriate value for the constant is entered as a volume-scattering parameter (VSP) with a keyboard command before data collection begins. The equivalent beam width ($ = 0.011) for the transducer was computed from its half angle (4") (Urick 1983, table 8.1) . A sound speed of 1,440 m s--l was used, and the pulse duration was set at 200 ps. The acoustic resolution, imposed by sound speed and the pulse duration (~/CT), was 0.14 m.
the organisms and to calibrate the measurements of acoustic backscattering in terms of zooplankton concentration. Sampling depths were selected with the aid of sonar, and quantitative samples were collected during horizontal tows with closi ng bongo nets (0. ,5-m diam, lOO-pm mesh) equipped with flow meters. The nets were usually opened for 1-l .5 min during tows and typically filtered 5-15 m3 of water. To evaluate the source level, P2, the echosounder was calibrated with a standard tungsten carbide sphere (Foote and MacLennan 1984) with a target strength of -38.6 dB at 192 kHz (K. G. Foote pers. comm.). The source level at the gain used during this study was 177 dB (relative to the digitized signal returned from the standard target). Because echoes from the standard target saturate the analog-digital converter at the high gain setting used to detect zooplankton, the calibration was done at a lower gain, and the source level at high gain was computed from the value at low gain multiplied by a factor, determined experimentally, for the increase of signal strength due to the added gain. Periodic recalibration has indicated that the system response is consistent. The system is stable in operation, as is suggested by the uniformity of echotraces from bottom sediments recorded at different times in Figs. 2 and 7.
Results
The data were obtained along a transect that extended 6 km southeast from the water intake for the city of Duluth, Minnesota (Fig. 1) . A compass heading between Loran waypoints was followed at a speed of 2-3 m s-l (-5 knots). Immediately after the sonar measurements, profiles of temperature and light transmission were obtained with a CTD profiler (Seabird Electronics SBE 19.01) at nine locations along the transect shown in Fig. 1 .
Coastal upweZZing-Upwelling of deep coastal water on 19 September 199 1, after 2 d of strong wind from the northwest, was detected first with sonar ( Fig. 2 ) and then confirmed with CTD profiles of water temperature and transparency (Fig. 3) . The acoustic evidence for upwelling is a thin layer of intense backscattering that intersects the lake surface -0.5 km from shore and descends to a depth of 20 m over a distance of 5 km ( Fig. 2A) . The sloping soundscattering layer was about 1 m thick near its intersection with the surface, and its thickness gradually increased offshore. The slope was nearly constant (0.4%), but backscattering was considerably more intense in some parts of the layer than others; volume-scattering strength (S,,) was typically between -80 and -70 dB in the sloping layer, as compared with -100 dB or less immediately above and below it. Backscattering also was high near the lake surface along the entire transect. It was especially high in surface water between 4 and 5 km from the coast, where S,, ranged up to -70 dB in plumelike aggregations of scatterers that penetrated far into the surface layer from the lake surface, sometimes reaching the depth of-the sloping layer. Zooplankton samples were collected in order to identify
The sloping scattering layer was located in the thermo- (Fig, 1 ) between 1300 and 1400 b (CDT) on 19 September 1991. A sloping sound-scattering layer intersects the surfacc near 500 m from the shore and descends to 20 m at 5,000 m. B. Details in the mixing region where the scattering layer intersects the lake surface, between 400 and 1,500 m from shore. C. lntcmal waves in the scattering layer between 3,100 and 3,600 m from shore. Backscattering at this site later in the afternoon (1600 h) and at night (2200 h) is shown in Fig. 7 . Left vxdes are water depth (m), horizontal scales are the number of acoustic pulses (pings) emitted by the echo>ounder, which nearly equals the distance (m) from short; right scales are the level of acoustic backscattering expressed in terrn~ of volume-scattering strength (S, m-l, dB). Latitudes and longitudes are those for the last ping shown on each cchogram. VSP is the value (dB) uhed for the denominator in Eq. 5. cline, between a surface layer of warm water .and a deeper layer of cold upwelling water. It was bounded by the 8°C and 15°C isotherms, which tilted offshore with the same slope as the scattering layer (Fig. 3) . A cell of turbulent instability in the surface layer near 5 km offshore was indicated by an upward deviation of the 15°C isotherm and surface temperatures slightly colder than 15°C.
The water layers also were distinguishable on the basis of their transparency.
A lense of relatively turbid water in which light transmission was between 74 and 83% coincided with the tilted scattering layer and thermocline (Fig. 3) . A region of very low transmission (<74%) in deep water farthest from shore probably was a northward intrusion of a benthic nepheloid layer that develops in western Lake Superior during summer stratification (Halfman and Johnson 1989; Baker et al. 1985) .
Water temperatures recorded at the intake of the Duluth municipal water treatment plant confirm that the upwelling was a nonperiodic displacement of water masses caused by the storm. Water temperature at the intake, which is located at the north end of the transect at 16 m depth, decreased from 16°C to 5°C during the storm and remained near 5°C for the rest of September (Fig. 4) . Strong northwesterly winds during the 2 d before sampling evidently forced warm surface water to move offshore, and cold, deep water moved to the lake surface nearshore.
A number of acoustic backscattering patterns suggest that the surface layer was a front moving northward at the time of the acoustic survey, returning to the coast after its southward displacement. The direction of frontal movement is indicated by asymmetric wavelike undulations of the sloping scattering layer (Fig. 2B, C) . The undulations probably are
Date, September 1991 short internal waves produced by interfacial shear as the surface layer moved across the deep layer. Short internal waves cause periodic temperature variations in lake thermoclines (e.g. Bryson and Ragotzke 1960; Thorpe and Hall 1974; Stewart 1993) , and they have been detected with high frequency sonar in Lake Michigan (Mortimer et al. 1968) .
Many waves in the scattering layer, especially those in a region 3.1-3.6 km from shore, are arranged to form a spiral, ropelike structure (Fig. 2C ) strikingly similar to the pattern envisaged by Thorpe and Hall (1974) , which is presumed to be due to trains of vortices that can be produced by interfacial shear in laboratory experiments (Thorpe 1971 (Thorpe , 1973 Winant and Browand 1974) . Both the spiral structure and wave crests are directed toward the left, indicative of shoreward movement of the surface layer. Interfacial waves often have a vertical structure because they entrain water above and below the shear zone (Winant and Browand 1974) ; such entrainment was probably the mechanism that increased the thickness of the scattering layer offshore (Fig. 2A) .
The leading edge of the surface front meets the upwelling water near 0.5 km from shore. Several very steep internal waves, 3-4 m high (Fig. 2B) , mark the region of contact. They are analogous to surface waves breaking on a beach. Farther offshore, to a distance of about 2 km, is a zone of intense mixing where the surface layer is thin enough that many plumes of scatterers extend the entire distance between the lake surface and the sloping layer. The plumes are probably streamlines of eddies produced by differential flow within the front as it moved across the upwelled water mass.
Water temperatures also indicate that mixing was most intense between 0.5 and 1.2 km from shore (Fig. 5) . Temperature at the lake surface was consistently below 15°C in this region and it decreased gradually with depth in the surface layer, due to entrainment of cold water from the deep layer. Mixing was less intense farther offshore, between 2.8 and 6.2 km, where surface layer temperatures were usually above 15°C; instead of decreasing gradually with increasing depth, water temperature remained nearly constant down to sh'arp discontinuities in the shear zone at the base of the surface layer.
Temperature anomalies in the surface layer also indicate that eddies were transporting deep water to the lake surface in this region; at several sampling stations (2.0, 2.8, and 4.9 km), water was a fraction of a degree colder at the lake surface than deeper in the surface layer. Furthermore, all temperatures in the surface layer at 4.9 km were less than those at 4.3 and 6.2 km. The activity of large eddies in the surface layer near 5 km is indicated not only by lower temperatures but also by several conspicuous acoustic backscattering plumes ( Fig. 2A) delineated by the -100-dB backscattering isopleth (Fig. 6) . Although acoustic backscattering patterns indicate that the surface layer was returning to shore, the front evidently did not move close enough to shore to increase the temperature at the water intake. Distance from shore (meters) Fig. 6 . Streamlines of eddies in the surface layer and vertical structure of internal waves delineated by an isopleth for a -1 OOdB volume-scattering strength between 4,000 and 6,000 m from shore. Compare with Figs. 2A and 3 .
Effects of zooplankton on backscattered sound-To interpret the measurements of backscattered sound, plankton samples were collected at offshore sites during the afternoon and at night, at times when sound scatterers were aggregated in extensive horizontal layers (Fig. 7) . To relate zooplankton concentration to sound-scattering levels, we identified sampling depths that were within or between sound scattering layers. Zooplankton in these depth intervals were sampled with horizontal net tows, mean zooplankton concentrations were computed, and the concentrations were compared with mean volume-scattering strengths recorded immediately before or after the plankton tows (Table 1) .
In late afternoon, approximately 2 h after the thermoclinescattering layer was first detected, zooplankton were collected with a horizontal net tow at 13 m, in a layer of high sound scattering located between 12 and 15 m (Fig. 7A) . Additional tows were made at night, after large numbers of organisms were recorded migrating from the sediment surface into deep water. Backscattered sound was recorded in water between two navigation buoys, six sampling depths were identified on the computer display, and the depths were sampled by towing bongo nets between the buoys. Backscattering at night was still high in water between 12 and 15 m, but it was generally higher in deeper water than it was in the afternoon (Fig. 7B) . Fish were present in some of the depth intervals sampled at night, as indicated by the occurrence of arch-shaped echotraces stronger than -60 dB. As can be seen when backscattering weaker than -60 dB is excluded from this echogram (Fig. 7C) , echo traces attributable to fish were most frequent between 12 and 15 m, where weaker scatterers also were most concentrated. To determine how the complex pattern of nocturnal scattering shown in Fig. 7B was related to the spatial distribution of zooplankton, two plankton tows were in the thermocline scattering layer (13 and 15 m), one in shallower water (5 m), and three in deeper water (25, 35, and 45 m) . The deep samples were collected above, within, and below a layer of moderate scattering centered at 35 m.
Mean volume-backscattering coefficients S,, for each of the seven depths sampled with nets were computed for comparison with zooplankton concentrations estimated for those Fig. 7 . Volume~backscattcring strength at zooplankton sampling site (latitude 46.50"N, longitude 91.56"W). A. Sampling the thermocline scatter& layer in the afternoon (1600 h). Bongo nets were lowered below the scatter&g layer and raised to a depth of 13 m near pmg 500 to begin plankton tow. Echoes from the bongo nets are relarively weak because the nets were near the edge of the sound beam. Mean backscattering at the 13-m depth (Table 1) was computed with echoes from the first 220 pings. Compare with distribution of scatterers at same site 2 h earlier in Fig. IC. B . Backscattering at the same site at night (2200 h), recorded after plankton samples were collected at depths of 5, 13, 15, 25, 35, and 45 m (Table 1) . Diagonal echo tract between pings 100 and ZOO is the net returning to the surface after sampling at 45 m. C. Backscattcring at night, with a volume-backscattering strength weaker than -60 dR excluded to show the &stnbution of arch-shaped echoes attributed to fish (see rexr). Table 1 . Concentration (N, ind. m-j), mean body length, and acoustic backscattering of planktonic crustacea. Concentrations are means of two samples collected with bongo nets towed l-l .5 min at indicated depths near the middle of the transect (Fig. 1) at latitude 46'5 I 'N, longitude 91"56'W on 19 September 1991. The first sample at 13 m was collected in the afternoon (1600 h CDT) and all others at night (2100-2200 h). Taxa; Lep. = Leptodiuptomus sicilis, Dia. = Diacyclops bicuspidatus thomasi, Daph. = Daphnia gale&a mendotae. Total concentration includes small numbers of other taxa (chiefly Holopedium and Bosmina) and immature Copepoda in addition to taxa listed. The volume-backscattering coefficient (g,,) is the mean for 200-220 acoustic pulses in a 0.04-m increment in a depth sampled with nets (see text), the backscattering cross section Ob, = S,/N, and the target strength TS = 10 log Gbs. (4) depths (Table 1) . Each mean was computed from more than 200 measurements of s, in a 0.04-m increment at the depth sampled with the nets. Mean backscattering for the afternoon plankton tow was computed with 220 measurements of s,, recorded at 13 m before the nets were lowered into the scattering layer (i.e. the first 220 in Fig. 7A ). The means for depths sampled at night were computed by using every fifth measurement from 1,100 recorded after the last plankton tow (Fig. 7B) . Backscattered sound stronger than -60 dB was excluded when means were computed for the depths sampled at night in order to exclude backscattering attributable to fish (the use of every fifth measurement to compute mean backscattering eliminated weak echoes from fish adjacent to those eliminated because they were > -60 dB). Although fish were most abundant between 13 and 15 m at night, fewer than 10% of the backscattering measurements from these depths were deleted, chiefly because the narrow beam and thin depth increment used for acoustic sampling de-A~ERNOON P Depth (meters) Fig. 8 . Mean volume-scattering strengths (solid circles) at depths sampled with plankton nets compared with depth profiles of volume scattering strength (S,,) measured when zooplankton were collected in the afternoon and at night. creased the probability of including fish echoes in a sampling increment.
Depth
The mean backscattering in the seven depths sampled with nets can be compared with typical depth profiles of backscattering at the sampling times in Fig. 8 . As anticipated from the echograms, zooplankton concentrations were highest near the surface (5 m) and in the thermocline-scattering layer (13 and 15 m) (Table l) , where total concentrations (3,000-6,000 rnpJ) were up to 50 times greater than in the samples collected in deeper water. The most abundant zooplankter was Leptodiaptomus sicilis, which is generally the most abundant copepod in Lake Superior (Watson and Wilson 1978; Patalas and Salki 1993) . It typically comprised 50-75% of the total microcrustacea. Another copepod, Diacyclops bicuspidatus thomasi, the cladoceran Daphnia galeata mendotae, and several other copepods and Cladocera were less abundant. The same species were present in similar proportions at all depths, and there was little variation of mean body size. Most of the animals were about 1 mm long. Mean (595% confidence interval) body length was 0.96 (20.20) mm.
As predicted by Eq. 2, the mean backscattering coefficients b,, are proportional to zooplankton concentrations estimated from plankton collections (Fig. 9) . The mean (295% C.L.) backscattering cross section, computed with ab, = S,/ N, is 5.2 X IO I7 m2 (k2.5 X lo-13), and the corresponding mean target strength (TS = 10 log&J, are -123 dB (Table  1) . This target strength is very similar to the value (-120 dB) at 200 kHz predicted for copepods 1 mm long by Holliday and Pieper (1980, fig. l ), who computed target strengths at sound frequencies between 10 kHz and 10 MHz for copepods of this size. The similarity of our empirical estimate to the target strength predicted independently with a physical model indicates that the sonar calibration was correct and that the scattering patterns in Figs. 2 and 7 are attributable to variations of zooplankton concentration.
To confirm that the patterns of sound backscattering are attributable to spatial variations of zooplankton concentration, we calculated the equivalent spherical radius that corresponds to the mean backscattering cross section. The Table 1 ). Solid line, computed with s, = a,,,N by using q, = 5.2 X 10-l" m2 (Table l) , corresponds to backscattering by Raylcigh scatterers (Eq. 6) with equivalent spherical radius of 0.27 mm. Broken lines are those predicted for Rayleigh scatterers with equivalent spherical radii of 0.2 and 0.3 mm. equivalent spherical radius is the radius of a sphere with a volume equal to an animal's volume and is a measure of body size used in the fluid sphere model for plankton acoustics (Clay and Medwin 1977; Stanton 1990 ). An equivalent spherical radius of -0.25 mm would be expected for the zooplankton we collected because the equivalent radius of Copepoda and Cladocera is typically 20-30% of body length (Holliday and Pieper 1980; Pieper and Holliday 1984) . This is consistent with the dimensions of L. sicilis in Lake Michigan (Vanderploeg et al. 1992) , where the mean body length (1.15 mm) and body volume (0.1 run+) correspond to an equivalent spherical radius of 0.29 mm.
Zooplankton of this size are Rayleigh scatters of 192~kHz sound because the product of wave number (k = 27r/h = 838 m-l at 192 kHz) and equivalent spherical radius (a) is < 1 (ka = 0.2) (Clay and Medwin 1977; Holliday and Pieper 1980, 1995) . The radius of scatterers can be computed with an equation (Clay and Medwin 1977, eq. 7.1.1) for the backscattering cross section in terms of the radius, relative elasticity (e), and relative density (g) of an ideal spherical animal, = k4a6
e-l abs -+-3e
If mean a,,, = 5.2 X 10-l" m2, with e = 1.15 and g = 1.03 (Clay and Medwin 1977) , the radius computed with Eq. 6 is 0.27 mm, which is nearly identical to the value obtained by direct measurements of L. sicilis (Vanderploeg et al. 1992) . All seven estimates of mean backscattering cross section are within boundaries computed with Eq. 6 for animals with equivalent spherical radii BO.2 mm (obs = 0.9 X 10-l", TS = -130 dB) and CO.3 mm (a,,, = 10 X 10 1.3, TS = -120 dB) (Fig. 9) . Because the mean body size of the scatterers computed independently from their acoustic properties is nearly identical to the mean zooplankton body size estimated by direct measurement, larger animals not collected by the plankton nets apparently had little effect on mean backscattering of 192~kHz sound. Larger animals would have a big effect because backscattering is proportional to the sixth power of body size (the a6 term in Eq. 6). Small numbers of opossum shrimp (Mysis), which move from surficial sediments into deep water of Lake Superior at night (Bowers 1988) , were present in deep samples we collected, but they must have been so widely spaced at this locality that their effect on mean backscattering was not detectable. Although backscattering in deep water (i.e. 25, 35, and 45 m) at night was higher than during the day, the nocturnal values were still low, typically -100 ? 10 dB (Fig. S) , and would be especially sensitive to small numbers of these relatively large animals that are typically 1 cm long and probably have individual target strengths near -82 dB at 192 kHz (assuming that the target strength of Mysis at 192 kHz is similar to that at 200 kJ3z of Macrohectopus, a pelagic amphipod about the same size as Mysis [Melnik et al. 1993; Rudstam et al. 19921) . If sound scattering by Mysis or other large scatterers were important, the backscattering cross sections computed with Eq. 2 would have been larger than those expected for animals with equivalent spherical radii of 0.3 mm. Even very strong echoes from the fish shown in Fig. 7C had little effect, because the fish were widely spaced relative to the small volume of water in the thin depth increments sampled with a narrow acoustic beam. If strong echotraces (> -60 dB) attributable to fish are included, the mean backscattering cross section increases to 6.1 X 10-l", which is not significantly different from the mean computed with fish echotraces excluded (Table 1) . Furthermore, because the number and size of Copepoda and Cladocera collected by three plankton tows in the thermocline are sufficient to account for the sound scattering measured in the thermocline, the effect of the internal waves on sound scattering also was insignificant.
These results confirm that Copepoda and Cladocera -1 mm long were the dominant scatterers of 192-kHz sound and that the patterns of sound scattering were due to the patchy spatial distribution of these animals. The range of zooplankton body sizes was small, and the mean body size is indistinguishable from the mean size of the sound scatterers computed independently with Rayleigh scattering theory. Zooplankton concentrations in water not sampled with plankton nets therefore can be estimated with Eq. 2 from measurements of volume-backscattering strengths by using i?b, = 5.2 X lo-l3 m2.
Spatial variation of zooplankton abundance-The patterns of sound backscattering in the echograms indicate that zooplankton were aggregated during the day near the lake surface and in the thermocline. Both the size of patches and zooplankton concentrations within them were highly variable.
The dimensions of patches and the concentrations of animals within patches can be seen in Fig. 10 , where zooplankton concentrations (N) are predicted at two depths with N = &~,,/&., by using ri,, = 5.2 X 10 13. A series of maxima 6.07 -65,, Distance from shore (meters) Fig. 10 . Volume-backscattering strength and predicted zooplankton (microcrustacca) concentrations at depths of 8 and 20 m. Zooplankton concentrations predicted from N = ~,,a,,-' by using Cam = 5.2 X lo-" (Table 1 ). Sloping scattering layer intersects 8-m depth near 1,500 m from shore and 20-m depth near 4,500 m from shore (see Fig. 2A ).
200-500 m apart at 8 m correspond to the backscattering plumes in the surface layer. The predicted concentrations are two or three orders of magnitude larger within the plumes than between plumes. The highest concentrations (> 100,000 m ") are aggregated in the sloping scattering layer (1,200 m from shore at 8 m and 4,500 m from shore at 20 m).
Spatial heterogeneity-As an additional test of the hypothesis that sonar-Loran methodology yields an accurate image of zooplankton distribution patterns, we compared the means and variances of zooplankton concentrations computed from our measurements of acoustic backscattering in Lake Superior with those from other environments sampled with conventional methods. Point densities were determined every fourth ping along the transect by converting volumebackscattering estimates to zooplankton numbers as in Fig.  10 . The mean (m) and variance (s2) of each set of 10 adjacent estimates along the transect were estimated at each of four depths (5, 8, 15, and 20 m) .
The hypothesis was upheld, because the variance of acoustic estimates of zooplankton concentration increases as a fractional power (b) of the mean (s2 = awP), and the value (+95% C.L.) of b = 1.90 (kO.04) is not significantly different (P < 0.05) from the exponent value that is characteristic of zooplankton samples collected with traditional methods from other lakes, oceans, and rivers (Downing et al. 1987; Pace et al. 1991 ). The overall relationship for Lake Superior zooplankton on this date, computed from the linear regression of log s2 on log m (Fig. ll) , is s2 = 0.596m',899 (n = 341, r2 = 0.97, P << 0.0001). The intercept for the regression for Lake Superior is not the same as that for other kinds of sampling because the sampling volumes were different. Sample volume influences the intercept but not the 
Mean zooplankton concentration (thousands per cubic meter) Fig. 11 . Frequency distribution of predicted mean zooplankton concentrations at depths of 5, 8, 15, and 20 m. Zooplankton concentrations at each depth were computed from volumc-backscattcring estimates for every fourth ping along the transect ( Fig. 2A) , and means and variances were computed for 341 groups of 10 adjacent estimates of concentration. Lower inset shows the more nearly symmetrical frequency distribution of logarithms of mean zooplankton concentration (see also Table 2 ). Upper inset shows the linear dependence of log variance (log s*) on log mean zooplankton (log m) concentration expected from s2 = a&. Heavy solid line is the curve fitted to the data from Lake Superior (n = 341, I-* = 0.97) and the lighter solid line is the general worldwide relationship (s* = 0.888 ml x49. converted to m3 units) for freshwater and marine zooplankton found for stand'ard volumetric plankton samplers by Downing et al. (1987) . exponent of such relationships (Pinel-Alloul et al. 1988; Pace et al. 1991; Elliot 1977) .
The systematic dependence of the variance on the mean is due to a skewed frequency distribution (Fig. 11) . The arithmetic mean is larger than the median and therefore a poor estimate of central tendency (Table 2 ). However, the frequencies of logarithms of zooplankton concentrations are more nearly symmetrical (Fig. 1 l) , as expected where b = 2 (Elliot 1977), and the geometric mean (95% C.T.) computed from logarithms of zooplankton concentrations estimated at the four depths, 900 (800-l) 100) ind. m ?, is similar to the arithmetic median.
A striking feature of the frequency distribution is that most of the plankton space is occupied by low concentrations and a small proportion by very high concentrations.
Most of the space (-65%) contains concentrations smaller than the arithmetic mean, whereas -10% contains concentrations 10 times larger than the median (Fig. 11 , Table 2 ). Furthermore, the maximum concentration is > 100 times Table 2 . Predicted mean daytime zooplankton concentrations (ind. m-3) at four depths in the surface layer and thermocline and of total zooplankton in the water column (number of animals rne2) computed from volume-backscattering coefficients. Concentrations (N = s;,/(T,,, using ah!, = 5.2 X 10-13) at individual depths were calculated for every fourth estimate of volume-backscattering coefficient in 4-cm-depth increments along the transect, and means were estimated for groups of 10 adjacent cstimatcs.
Sampling depths
Arithmetic mean 4.5x lo4 5.0x lo4 3.1X10' 36 (3.3x10"-6.1X10") larger than the median. The maximum concentration estimated from acoustic backscattering is an order of magnitude larger than the highest from our net samples and from those reported by Watson and Wilson (1978) and by Patalas and Salki (1993) 'for this part of Lake Superior.
This spatial heterogeneity caused much variation in the total quantity of zooplankton in the water column. Total water column zooplankton, computed by numerical integration of vertical backscattering profiles to depths of 45 m at 36 distances from shore, varied from 7,000 up to 300,000 ind. m 2 (Fig. 12) ; the range of variation on this transect is similar to the range for all of Lake Superior reported by Watson and Wilson (1978) . The frequency distribution of total water column zooplankton also is skewed, with the result that the geometric mean (95% C.I.) of 45,000 (32,000-61,000) is closer to the median than to the arithmetic mean (Table 2 ).
Discussion
The measurements of backscattered sound detected complex zooplankton aggregations and water movements that would have escaped detection if we had sampled only with plankton nets. The net samples were essential, however, because they provided information about zooplankton concentrations and body sizes that was used to compute target strengths and then to predict zooplankton concentrations in a large area not sampled with nets.
Although single-frequency, single-beam acoustic sampling can reveal large-scale patterns not discernable with conventional sampling methods, an inherent limitation of the technology is that plankton must be collected with conventional methods in order to evaluate target strengths (for a recent critique, see Holliday and Pieper 1995) . Because zooplankton concentrations estimated from conventional net samples were used to to evaluate target strengths (Table l) , the concentrations predicted in water not sampled with nets are subject ultimately to the errors of samples collected with the nets.
Our study suggests that the inherent inability to measure target strengths directly with simple single-frequency acoustics can be alleviated, although not eliminated, because spatial distributions of sound scatterers now can be displayed on a computer monitor before and during the collection of conventional plankton samples. The potential variance of the net samples in this area was large, because there were steep gradients of zooplankton concentration, but we decreased the variance by avoiding concentration gradients during the plankton tows. Distinctive depth intervals with relatively little horizontal variation were identified on the computer display before they were sampled with nets; the display also confirmed that the nets actually sampled those layers. The variance of the target strengths was modest in part because the paired volume scattering strengths and zooplankton concentrations were measured in nearly the same, relatively homogeneous, water volumes.
Another reason for the modest variance of estimated target strengths is that there was relatively little variation of zooplankton body size. This is critical because backscattering by Rayleigh scatterers is dominated by the largest scatterers in an aggregation, due to the a6 term in Eq. 6. However, the concentrations predicted at various depths along the transect (Figs. IO, 11) were computed with the untested assumption that zooplankton target strengths everywhere along the transect were the same as at the sites where the conventional plankton samples were collected.
A decisive observation, which suggests that simple singlefrequency acoustics can have wide utility for zooplankton studies, is that the empirical estimates of target strength were consistent with those predicted independently with a physical model. The target strength at 200 kHz of the pelagic amphipod Macrohectopus in Lake Baikal, evaluated with simple single-frequency sonar, also was consistent with Rayleigh scattering theory (Melnik et al. 1993; Rudstam et al. 1992) .
A major advantage of acoustic sampling is that it can obtain enough samples to describe frequency distributions of population densities (Fig. 11) . The patchiness detected in western Lake Superior with sonar has significant implications for the interpretation of conventional samples collected at arbitrary depths with plankton nets or pumps. With such a skewed frequency distribution, low concentrations are more likely to be sampled than high concentrations, which occupy a much smaller proportion of the plankton space. Arithmetic means are likely to be significantly larger than geometric means and medians (Table 2) , and means can vary widely, depending on the low probability of sampling dense aggregations.
Although the densest aggregations are unlikely to be detected with plankton nets, the formation and dispersal of dense aggregations complicates the interpretation of plankton samples. Plankton aggregation and dispersion can produce large transient changes of density that could be interpreted as real changes of population size; dispersion of lo5 animals in a cubic meter can add 10X animals to lo2 m3 of adjacent water.
The contrast between maximum and median concentrations is remarkable, because it is much greater than is usually detected with conventional sampling. In Lake Huron, maximum concentrations of crustacean zooplankton detected by sampling with nets were only 2-6 times larger than the arithmetic mean (McNaught 1979) . The large contrast inferred from acoustic sampling may be significant because maximum zooplankton concentrations are thought to be more important than means for fish and other predators on zooplankton (McNaught 1979) . Furthermore, Fig. 7 indicates that fish are able to find dense aggregations of zooplankton located in a thermocline.
An important practical implication of the skewed frequency distribution is that the arithmetic mean is likely to be a misleading measure of zooplankton abundance. A geometric mean computed from logarithms of concentrations is closer to the median and therefore a better estimate of most frequent concentration.
The backscattering patterns demonstrate the fundamental importance of boundary surfaces to zooplankton. Such boundaries impose limits on vertical transport by eddy diffusion in water masses (Csanady 1975) . Tn this case, animals were congregated at a lower boundary, the thermocline, where some were entrained and transported by eddies to a limiting upper boundary, the lake surface. However, the initial aggregation of zooplankton in the thermocline must have been due to their behavior during a time before upwelling. Probably cued by temperature, both copepods and cladocerans congregated in a narrow temperature range (814°C) in the thermocline before the storm, when the layer was probably near horizontal. The importance of temperature as a behavioral cue is suggested by the fact that most of them maintained their position in this temperature gradient after the thermocline was tilted and subjected to shear, even though other environmental variables, such as pressure and light, varied with distance offshore. It is also notable that fish echoes also sloped with the thermocline (Fig. 7C) , which suggests that the fish and crustacea use the same navigation cues.
Zooplankton often aggregate in thermoclines for many months (e.g. Ross et al. 1996 ) but the reason is not obvious. A general explanation suggested by their persistence in a sloping thermocline is that they use the temperature gradient to recognize an environment where turbulence is lowest and dispersal by eddy diffusion minimal. A temperature gradient provides a frame of reference for the orientation of directed swimming behavior. Zooplankton can accumulate in a temperature gradient if they (1) can recognize the gradient and (2) can adjust their behavior to remain within it. Populations that possess these two capabilities can conserve metabolic energy in the thermocline because the thermal gradient is associated with a density gradient. It is a region where turbulent transport is lowest, where zooplankton expend least energy swimming to maintain a physical location and are least vulnerable to dispersal by water movements. This is a general energetic condition of life in the thermocline imposed by physical processes, independent of food supply, predators, or other properties of the environment.
Although the data come from a small area in an exceptionally energetic environment, the spatial complexity may not be unusual, because the exponent for the variance-mean relationship is indistinguishable from the value derived from conventional samples collected in many other environments. The large value of the exponent for zooplankton, usually near 1.9, indicates that zooplankton generally are more highly aggregated than other kinds of aquatic animals (Downing 1991; Pace et al. 1991; Downing and Downing 1992) .
It is now clear that movements of water masses in coastal regions can have profound effects on spatial distributions of zooplankton and that advanced technology is required to elucidate how plankton assemblages interact with physical transport processes. Information about the spatial extant of zooplankton aggregations is needed to understand these relationships. Detailed spatial information is as important as accurate measurements of zooplankton concentrations within aggregations, because measurements of population densities are of little value if the boundaries of aggregations are unknown. The dimensions of aggregations can be mapped efficiently and inexpensively with single-frequency sonar linked to a navigation receiver. Furthermore, population densities within aggregations also can be estimated even with simple single-frequency sonar if coordinated plankton tows indicate that the sound scatters are the same size (Holliday and Pieper 1995) .
